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Highlights (max. 5 – max. 125 characters each) 14 
 Holocene Baltic Sea sediments from hypoxic intervals are enriched in trace 15 
metals. 16 
 The strongest enrichments in U are observed in recent sediments, indicating 17 
that modern oxygen depletion is most intense.  18 
 Lower Mo in recent sediments compared with Corg and U, suggests depletion 19 
of the present-day water column Mo inventory. 20 
 Enrichment of Re commences under mildly reducing conditions, but Re is not 21 
further enriched under more reducing conditions. 22 
 Ni, Tl and Cu correlate with Corg, while Pb, Zn, As, Sb and Cd are all strongly 23 
influenced by anthropogenic pollution. 24 
 25 
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Abstract 26 
Anthropogenic nutrient input has caused a rapid expansion of bottom water 27 
hypoxia in the Baltic Sea over the past century. Two earlier intervals of widespread 28 
hypoxia, coinciding with the Holocene Thermal Maximum (HTMHI; 8-4 ka before 29 
present; BP) and the Medieval Climate Anomaly (MCAHI; ~1200–750 years BP), 30 
have been identified from Baltic Sea sediments. Here we present sediment records 31 
from two sites in the Baltic Sea, and compare the trace metal (As, Ba, Cd, Cu, Mo, Ni, 32 
Pb, Re, Sb, Tl, U, V, Zn) enrichments during all three hypoxic intervals. Distinct 33 
differences are observed between the intervals and the various elements, highlighting 34 
the much stronger perturbation of trace metal cycles during the modern hypoxic 35 
interval. Both Mo and U show a strong correlation with Corg and very high absolute 36 
concentrations, indicative of frequently euxinic bottom waters during hypoxic 37 
intervals. During the modern hypoxic interval (ModernHI) comparatively less Mo is 38 
sequestered relative to Corg than in earlier intervals. This suggests partial drawdown of 39 
the water column Mo inventory in the modern water column due to persistent euxinia 40 
and only partial replenishment of Mo through North Sea inflows. Molybdenum 41 
contents in modern sediments are likely also affected by the recent slowdown in input 42 
of Mo in association with deposition of Fe and Mn oxides. Strong enrichments of U in 43 
recent sediments confirm that the ModernHI is more intense than past intervals. These 44 
results suggest that U is a more reliable indicator for the intensity of bottom water 45 
deoxygenation in the Baltic Sea than Mo. Sedimentary Re enrichment commences 46 
under mildly reducing conditions, but this element is not further enriched under more 47 
reducing conditions. Enrichments of V are relatively minor for the MCAHI and 48 
ModernHI, possibly due to strong reservoir effects on V in the water column, 49 
indicating that V is unreliable as an indicator for the intensity of bottom water 50 
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hypoxia in this setting. Furthermore, Ba profiles are strongly influenced by post-51 
depositional remobilization throughout the Holocene. The strong relationship between 52 
Corg and Ni, Tl and particularly Cu suggests that these trace metals can be used to 53 
reconstruct the Corg flux into the sediments. Profiles of As, Sb and Cd and especially 54 
Pb and Zn are strongly influenced by anthropogenic pollution.  55 
 56 
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 60 
1. Introduction 61 
Sedimentary trace metal records have widely been used as proxies for 62 
productivity and redox conditions in both modern and ancient aquatic systems (e.g. 63 
Calvert and Pedersen, 1993; Morford and Emerson, 1999; Tribovillard et al., 2006; 64 
Brumsack, 2006). Sedimentary trace metal concentrations are often low under a well-65 
oxygenated water column (e.g. McLennan, 2001), while under low-oxygen conditions 66 
their concentrations are generally elevated due to the interplay of several related 67 
processes (e.g. Tribovillard et al., 2006).  68 
 69 
Trace metals are closely associated with organic material in both the water 70 
column and in sediments (e.g. Pedersen and Calvert, 1990; Canfield, 1994; 71 
Tribovillard et al., 2006). Under well-ventilated conditions, only a fraction of the 72 
organic-bound trace metals in the water column reaches the sediment-water interface, 73 
due to efficient remineralization of organic matter in the water column. Under low-74 
oxygen conditions, however, less organic material is remineralized leading to an 75 
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increase in the direct input of organic-bound metals to the sediments. Sediments are 76 
further enriched in trace metals under these conditions through uptake of trace metals 77 
by organic matter at the sediment-water interface.  78 
 79 
A second key vector of trace metal transport to sediments is via Mn- and 80 
Fe(oxyhydr)oxides. Many trace metals are adsorbed onto oxide particles, which are 81 
highly mobile in seafloor environments where variable redox conditions lead to 82 
repeated cycles of dissolution and re-precipitation (e.g. Froelich et al., 1979; Shaw et 83 
al., 1990; Tribovillard et al., 2006). These processes can lead to the focusing of trace 84 
metals into defined areas of the seafloor (e.g. Lenz et al., 2015a). Although trace 85 
metal enrichment may occur under well-oxygenated conditions when metal-bearing 86 
Mn- and Fe-oxides are preserved in the sediments (e.g. Schaller et al., 2000), a more 87 
common route of enrichment is that metals are released during dissolution of oxides in 88 
the surface sediments, and subsequently sequestered in organic matter, sulfide 89 
minerals or other reduced authigenic phases (Morford and Emerson, 1999; 90 
Tribovillard et al., 2006). 91 
 92 
A third pathway for trace metal enrichment is related to diffusive transport 93 
from seawater into sediments and subsequent sequestration in association with 94 
organic matter or authigenic minerals. Depending on the metal, enrichment may 95 
commence at various stages of bottom water oxygen depletion, i.e. the metal may be 96 
sequestered under hypoxic (dissolved oxygen concentrations < 2 mg/L), anoxic (no 97 
dissolved oxygen) or euxinic conditions (no dissolved oxygen and presence of free 98 
sulfide) (Crusius et al., 1996; Tribovillard et al., 2006; Olsson et al., 2017).  99 
 100 
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Two of the most studied and widely applied redox-sensitive trace metals, Mo and U, 101 
have many properties in common (see Algeo and Tribovillard, 2009 for an overview). 102 
One key difference between Mo and U is that the presence of free sulfide is a 103 
prerequisite for Mo enrichment in sediments. Sulfide is required to convert relatively 104 
unreactive seawater molybdate
 
to particle reactive thiomolybdate (Helz et al., 1996). 105 
In contrast, authigenic U sequestration, primarily precipitated as uraninite (UO2), 106 
already commences when Fe (III) is reduced to Fe (II) (Zheng et al., 2002), making U 107 
a potentially more sensitive recorder of minor changes in bottom water oxygen 108 
conditions. Another key difference is that water column Mo is actively scavenged by 109 
particle Mn- (and sometimes Fe) oxides, which may carry Mo to the sediment-water 110 
interface (e.g. Turekian, 1977; Adelson et al., 2001; Sulu-Gambari et al., 2017), 111 
whereas U is generally enriched via diffusion into sediments (e.g. Klinkhammer and 112 
Palmer, 1991). These differences in the sequestration of Mo and U can be used for 113 
detailed reconstructions of depositional conditions (Algeo and Tribovillard, 2009). In 114 
addition, the strong relation between Corg and Mo in euxinic environments can be used 115 
to identify basin reservoir effects, i.e. the depletion of an element in the water column 116 
of a stagnant basin through removal of that specific element to the sediment in excess 117 
of resupply by deepwater renewal. In this manner, aqueous Mo may become depleted, 118 
resulting in lower sedimentary Mo/Corg ratios (Algeo and Lyons, 2006).  119 
 120 
Besides Mo and U, Re and V are the most studied and widely used redox-121 
sensitive trace metals (e.g. Morford and Emerson, 1999; Morford et al., 2005). The 122 
low crustal abundance of Re results in relatively large, and therefore very distinctive, 123 
authigenic enrichments under reducing conditions (Koide et al., 1986; Crusius et al., 124 
1996; Böning et al., 2004). Unlike for instance Mo, Re does not show an affinity for 125 
6 
 
Mn- and Fe-oxides and is sequestered in sediments under suboxic conditions after 126 
diffusion across the sediment-water interface (e.g. Colodner et al., 1993; Morford et 127 
al., 2012). Under well-oxygenated conditions V (in the form of vanadate oxyanions) 128 
adsorbs onto Mn- and Fe-oxides (e.g. Wehrli and Stumm, 1989), but is also strongly 129 
associated with organic matter (e.g. Beck et al., 2008), so both may be important 130 
carriers of V to deeper waters or the sediment-water interface. Under moderately 131 
reducing conditions, V(V)  is reduced to V(IV), which is more surface reactive and 132 
more easily complexes with (in)organic ligands (Emerson and Huested, 1991). This 133 
may lead to enhanced sedimentary V sequestration, but the complexation of V(IV) 134 
with dissolved organic matter may also allow it to remain in the aqueous phase (e.g. 135 
O’Connor et al., 2015; Olson et al., 2017). In contrast with for instance Mo, V 136 
sequestration is not linked to the formation of authigenic sulfides (Algeo and 137 
Maynard, 2004). However, under euxinic conditions V can be reduced to V(III), 138 
which enables V sequestration through the precipitation of vanadium(hydr)oxide 139 
(Wanty and Goldhaber, 1992).  140 
 141 
A prime example, and perhaps the most widely used trace metal to reconstruct 142 
marine primary productivity, is sedimentary Ba, which largely reflects biogenic barite 143 
(BaSO4), a remnant of decayed organic matter that is preserved in sediments (Bishop, 144 
1988; Dymond et al., 1992; Schoepfer et al., 2015). The applicability of sedimentary 145 
Ba as a (paleo)productivity proxy seems to be limited to open ocean settings, for 146 
example, because a certain water depth (~1000 m) is needed in order to fully develop 147 
the barite-productivity signal settings (Von Breymann et al., 1992; Plewa et al., 2012). 148 
Its applicability is further complicated by remobilization of Ba under reducing 149 
conditions (e.g. McManus et al., 1998; Henkel et al., 2012). Despite these 150 
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complications Ingri et al. (2014) showed that sedimentary Ba may represent primary 151 
productivity in the Bothnian Bay during the last 5.5 kyr. 152 
 153 
Furthermore, trace metal enrichments are also used to assess anthropogenic pollution 154 
in (semi)modern sediments (e.g. Caccia et al., 2003; Ip et al., 2007). Many trace 155 
metals have applications in agriculture and industry, e.g. in fertilizers, pesticides, 156 
pigments and lubricants.  These trace metals can be transported to the oceans by 157 
fluvial and eolian pathways, where they are sequestered in sediments after adsorption 158 
onto clay particles and (oxyhydr)oxides and complexation with organic compounds 159 
(e.g. Nriagu and Pacyna, 1988; Windom et al., 1989; Liaghati et al., 2004). 160 
 161 
The Baltic Sea is an ideal location to assess how changes in bottom water 162 
oxygen, primary productivity and anthropogenic pollution are recorded by trace 163 
metals in marine sediments. Its geographic configuration, i.e. landlocked with a 164 
restricted connection to the open ocean (Fig. 1a), in combination with excessive 165 
anthropogenic nutrient input (e.g. Gustafsson et al., 2012), has resulted in a tenfold 166 
increase of the hypoxic area over the past century (Carstensen et al., 2014), creating 167 
the world’s largest human-induced “dead zone” (Diaz and Rosenberg, 2008). The 168 
modern Baltic hypoxic interval (henceforth ModernHI), was preceded by two previous 169 
hypoxic intervals during the Holocene (Zillén et al., 2008). The first hypoxic interval 170 
coincided with the Holocene Thermal Maximum (HTMHI; ~8 and 4 ka before present 171 
- BP). The second interval of widespread hypoxia in the Baltic Sea coincided with the 172 
Medieval Climate Anomaly (MCAHI; ~1200–750 years BP).  173 
 174 
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The laminated sediments marking the hypoxic intervals in the Baltic Sea are 175 
characterized by high organic carbon (Corg) and molybdenum (Mo) contents (Jilbert 176 
and Slomp, 2013a; Dijkstra et al., 2016; Hardisty et al., 2016; Papadomanolaki et al., 177 
2018), indicative of free sulfide in bottom waters (Helz et al., 1996). Previous studies 178 
have drawn various conclusions about the environmental conditions during each of 179 
the hypoxic intervals. High-resolution records of Mo enrichment indicate that the 180 
development of the ModernHI was more rapid than the development of the MCAHI and 181 
HTMHI, while the maximum intensity of hypoxia was similar for all three events 182 
(Jilbert and Slomp, 2013a). In contrast, Hardisty et al. (2016) concluded, based on Mo 183 
isotopes, that reducing conditions during the MCAHI and HTMHI were probably more 184 
intense than during the ModernHI. Focusing on the areal extent, rather than intensity, 185 
of hypoxia, Lenz et al. (2015a) concluded on the basis of sedimentary Fe records that 186 
the present-day hypoxic area is larger than that in the past.  187 
 188 
Here we present a comprehensive analysis of trace metal enrichments during 189 
the three hypoxic intervals from two sites in the central Baltic Sea. By considering a 190 
large number of trace metals together, we are able to test multiple hypotheses about 191 
the mechanisms of trace metal enrichment, and the suitability of trace metals for 192 
paleoenvironmental reconstructions in this setting. Specifically, we investigate (1) the 193 
sensitivity of known redox-sensitive trace metal enrichments, i.e. Mo, U, Re and V, to 194 
variable redox conditions, (2) which trace metals may be reliable proxies for the 195 
organic carbon (Corg) flux into the sediments and (3) the effect of anthropogenic 196 
pollution on sedimentary trace metal records. We have generated  complete discrete-197 
sample records of 13 trace metals (As, Ba, Cd, Cu, Mo, Ni, Pb, Re, Sb, Tl, U, V, Zn), 198 
as well as major and minor sediment components (Al, Fe, S, Corg), for the entire 199 
9 
 
sediment column spanning the three hypoxic intervals and the intervening oxic 200 
periods, at two sites in the Baltic Sea (Fig. 1). Additionally, we present Laser 201 
Ablation–Inductively Coupled Plasma–Mass Spectrometry (LA-ICP-MS) line-scan 202 
Mo and U data for the three intervals at one of the two study sites. The LA-ICP-MS 203 
records allow an orders-of-magnitude increase in the depth resolution of the trace 204 
metal profiles, facilitating robust analysis of relative enrichments between Mo and U, 205 
and investigation of how the two elements respond to short-timescale changes in 206 
oxygen conditions.  207 
 208 
2. Materials and methods 209 
2.1 Study site 210 
Sediment samples were retrieved from two different localities in the central 211 
part of the Baltic Sea during two research cruises with R/V Aranda in May-June 2009 212 
and August 2013. Multicores (0-35 cm below seafloor; cmbsf) and gravity cores (~25-213 
440 cmbsf) were collected from site F80 in the Fårö Deep (58.0000°N, 19.8968°E, 214 
191 m water depth) and from site LL19 in the Northern Gotland Basin (58.8807°N, 215 
20.3108°E, 169 m water depth; Fig. 1) in 2009. An additional short core (0-55 cmbsf) 216 
was taken at site F80 in 2013 with a GEMAX corer.   217 
 218 
2.2 Processing of the sediment cores 219 
The multicores and GEMAX core were sliced on board the ship under an 220 
oxygen-free atmosphere at in-situ bottom water temperature. The resolution of the 221 
sediment slices was 0.5 cm for 0-2 cmbsf, 1 cm for 2-10 cmbsf and 2 cm from 10 222 
cmbsf until the bottom of the core. The GEMAX core for F80 retrieved in 2013 was 223 
sliced under the same conditions but with a resolution of 1 cm for the samples 224 
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analysed in this study (0-10 cmbsf). The gravity cores were stored at 4°C and sliced 225 
under an oxygen-free atmosphere in the laboratory at Utrecht University at a 226 
resolution of 1 cm. All sediment samples were freeze-dried and weighed before and 227 
after freeze-drying in order to determine the water content and to calculate porosity. 228 
The samples were subsequently powdered and homogenized using an agate mortar 229 
and pestle in an oxygen-free atmosphere. 230 
 231 
2.3 Organic carbon content 232 
Organic carbon content data (Corg) for the 2009 cores was generated and 233 
published by Jilbert and Slomp (2013a). For the 2013 GEMAX core 0.1-0.2 g of 234 
freeze-dried and powdered sediment sample was weighed in 15 ml centrifuge tubes 235 
and 7.5 ml of 1M HCl was added to dissolve carbonates. After four hours on a shaker 236 
the acid was removed through centrifugation and fresh 1M HCl was added after which 237 
the samples were left on a shaker overnight. The acid was then removed again after 238 
centrifugation and samples were washed twice with milliQ water, and dried at 60°C 239 
for 72 hours. The dried residues were then weighed again to determine the weight 240 
loss. Finally, the samples were powdered and homogenized and ~5 mg of each sample 241 
was weighed in a tinfoil cup. Total carbon analyses were performed using a Fisons 242 
Instruments NA 1500 NCS analyzer. Obtained results were normalized to in-house 243 
standards, acetanilide, atropine and nicotinamide. An internationally certified soil 244 
standard (IVA2) was measured after each 10 samples to determine the accuracy and 245 
precision of our analyses. The certified value for IVA2 is 0.732 wt.% C, our obtained 246 
mean value was 0.726 wt.% C with a standard deviation of 0.014 wt.% C.  Finally, 247 
Corg was calculated upon correction for the weight loss due to the decalcification. An 248 
11 
 
average analytical uncertainty of 0.08 wt.% was calculated based on duplicate 249 
analyses of sediment samples. 250 
 251 
2.4 Trace metal concentrations 252 
For the determination of sedimentary trace metal concentrations about 125 mg 253 
of freeze-dried and powdered sediment sample was weighed in 30 ml Teflon vessels. 254 
Subsequently 2.5 ml of mixed acid (HClO4:HNO3, 3:2) and 2.5 ml 40% HF were 255 
added and the vessels were left overnight on a hotplate at 90°C. The following day the 256 
lids of the vessels were removed and the extracts were heated to 140°C to evaporate 257 
the acids. The remaining residues were then dissolved in 25 ml 4.5% HNO3 and left 258 
overnight on a hotplate at 90°C again. The dilution of the final solutions was 259 
determined by weighing the vessels, after which the solutions were analysed by 260 
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES; Al, Fe and S 261 
published previously in Jilbert and Slomp, 2013a and Lenz et al., 2015a) and by 262 
Inductively Coupled Plasma-Mass Spectometry (ICP-MS; As, Cd, Cu, Mo, Ni, Pb, 263 
Re, Sb, Tl, U, V and Zn). For the latter analyses, we used an XSeries II ICP-MS 264 
(Thermo Fisher Scientific) equipped with a Peltier cooled, low-volume conical spray 265 
chamber fitted with a micro nebulizer, a micro pump and a FAST system on the 266 
autosampler (SC-4 DX; Elemental Scientific), to enhance stability, enable fast 267 
washout and minimum cross contamination and optimize sample throughput. The 268 
accuracy (recovery) was generally between 95 and 105% for all reported elements 269 
based on in-house standards. The average analytical uncertainty based on duplicates, 270 
in-house standards and laboratory reference material (ISE-921) was 2% for As, 1% 271 
for Cd, 2% for Cu, 1% for Mo, 2% for Ni, 2% for Pb, 8% for Re, 2% for Sb, 4% for 272 
Tl, 2% for U, 2% for V and 2% for Zn.  273 
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 274 
2.5 Resin Embedding and LA-ICP-MS 275 
Sections of the sediment cores from F80 (2009 gravity core and 2013 276 
GEMAX core) were prepared for LA-ICP-MS analysis by resin embedding. From the 277 
gravity core, U-channels of sediment (20 x 2 x 1 cm) were sampled horizontally from 278 
the open core surface as described in Jilbert et al. (2008) and transferred immediately 279 
to an N2-filled glovebox. A total of 180 cm of sediment, including the laminated 280 
intervals corresponding to the MCAHI and HTMHI, were sampled in this way. From 281 
the GEMAX core, a vertical column of miniature sub-cores of sediment (8 sub-cores 282 
in total, each 1 cm diameter, 7 cm length) was taken as described in Jilbert and Slomp 283 
(2013a). The entire sub-coring operation was performed in a N2-filled glove bag and 284 
the sub-cores were transferred to an N2-filled glovebox. All U-channels and sub-cores 285 
were then dehydrated with argon-purged acetone, fixed in Spurr’s epoxy resin, and 286 
sliced to reveal the interior surface using a water-cooled rock saw. The interior 287 
surfaces were polished prior to subsequent analysis. 288 
Resin-embedded sediment blocks were mounted in the ablation chamber of the 289 
LA-ICP-MS instrument at Utrecht University. The ablation chamber sits on a mobile 290 
stage. Line scan profiles were generated by focusing a pulsed argon-fluoride excimer 291 
laser beam (120 µm spot size, 193 nm wavelength, 10 Hz repetition rate, 8 J cm
-2
 292 
energy density) onto the moving sample surface and ablating material into a high 293 
mass-resolution ICP-MS (Thermo Element 2) via a He-Ar carrier gas. During line 294 
scans the stage velocity was optimized to 0.0275 mm s
-1
 for high spatial resolution 295 
measurements (Hennekam et al., 2015). Count rates of the isotopes 
27
Al, 
98
Mo and 296 
238
U, among a range of other elements, were determined continuously at a 297 
measurement frequency of approximately 1 Hz. 298 
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The resin embedding procedure results in varying degrees of sediment 299 
compaction, such that the length of each line scan is less than that of the original U-300 
channel or sub-core. To correct for compaction effects, the data from each LA-ICP-301 
MS line scan was linearly re-scaled to the initial length of the sub-core. Subsequently, 302 
line scan data were fine-tuned by alignment to ICP-OES or ICP-MS data of discrete 303 
samples from the corresponding interval.  304 
Raw LA-ICP-MS count data were converted to elemental compositional ratios 305 
via the two-step linear calibration procedure described in Jilbert and Slomp (2013a). 306 
Briefly, count rates of each element in the line-scan data were converted to 307 
preliminary concentrations using one-point sensitivity factors (counts/ppm) 308 
determined from a glass standard (NIST 610) at equivalent measurement settings. 309 
Preliminary concentrations of 
98
Mo and 
238
U were then normalized to 
27
Al to correct 310 
for variable ablation yield during line scanning. The resulting ratios, corrected for 311 
natural isotopic abundances of each element, were further corrected using a linear 312 
regression against Mo/Al and U/Al concentration ratios of the equivalent sediment 313 
interval determined by discrete sample ICP-OES or ICP-MS analysis. This second 314 
step corrects for any offset between the sensitivity factors of the elements in the 315 
sediment sample relative to the standard glass.  316 
 317 
2.6 Sediment chronologies 318 
Age-depth models for the sediment cores used in this study were previously 319 
generated by Jilbert and Slomp (2013a) and Lenz et al. (2015a). For the present study 320 
we choose to show our data against depth instead of time. We have, however, 321 
included the dates, following Lenz et al. (2015a), in the supplementary data file. We 322 
follow Jilbert and Slomp (2013a) concerning the position of the ModernHI, MCAHI 323 
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and the HTMHI. For the purposes of this study we do not discern different sub-events 324 
within the MCAHI and HTMHI. 325 
 326 
3. Results 327 
3.1 Trace metals in the Fårö Deep (site F80) and Northern Gotland Basin (site LL19) 328 
The hypoxic intervals in the Fårö Deep are characterized by strong 329 
enrichments in sedimentary Corg (Fig. 2a). Maximum values are similar (~10 wt. %; 330 
Table 1) for the three hypoxic events when the top sediments consisting of fresh, non-331 
degraded organic material, the so-called “fluffy” layer, are left out of consideration. 332 
Both Mo and U are also strongly enriched in the sediments of all three hypoxic 333 
intervals (Fig. 2a; Table 1). Maximum values for Mo (>300 ppm) are recorded during 334 
the HTMHI. Background Mo concentrations, i.e. in the intervening oxic intervals, are 335 
25 ppm on average (Table 1). Uranium concentrations progressively increase from the 336 
HTMHI to the ModernHI, hence the present-day U concentration is the highest in the 337 
record. In contrast with Corg, Mo and U, Re shows rather constant concentrations 338 
throughout the studied sediment sequence, without significant enrichments during the 339 
hypoxic intervals (Fig. 2a; Table 1). Both V and Ba are strongly enriched during the 340 
HTMHI, but not during other intervals, in particular the ModernHI.  341 
 342 
The profiles of Corg and trace metals for the Northern Gotland Basin site LL19 343 
(Fig. 2b) largely resemble those for the Fårö Deep (Fig. 2a). Maximum Corg values for 344 
the three hypoxic intervals are slightly lower than in the Fårö Deep, i.e. around 8 wt. 345 
% (Fig. 2b; Table 2). Maximum values for Mo are recorded during the MCAHI and 346 
HTMHI, with somewhat lower maximum values during the ModernHI (Fig. 2b). 347 
However, background Mo concentrations in the intervening oxic intervals (~6 ppm) 348 
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are much lower than in the Fårö Deep (Tables 1 and 2). Absolute U concentrations are 349 
also lower in the sediments of the Northern Gotland Basin, but the trend in U 350 
concentrations is the same as for the Fårö Deep, i.e. progressively increasing in the 351 
order HTMHI–MCAHI–ModernHI. In contrast with the Fårö Deep, distinct enrichments 352 
in Re are observed during all three hypoxic intervals in the Northern Gotland Basin 353 
(Fig. 2b). Moreover, background Re concentrations in the intervening oxic intervals 354 
(10 ppb) are generally lower than in the Fårö Deep. Again, both V and Ba are strongly 355 
enriched during the HTMHI, but strong enrichments are absent from the other 356 
intervals. 357 
 358 
The other trace metals all show their strongest enrichments coinciding with the 359 
onset of the ModernHI (Fig. 3a). Significant enrichment in Zn is entirely confined to 360 
the ModernHI, while for Pb there is also a small enrichment towards the end of the 361 
MCAHI, followed by a rapid drop and a gradual increase towards the ModernHI (Fig. 362 
3a). For Sb and As we observe both a strong ModernHI-related enrichment and 363 
moderate enrichments during both the MCAHI and HTMHI, which generally follow the 364 
profiles of S and Fe (Fig. 3a). Enrichments in Cd, Ni, Tl and Cu are more similar to 365 
those of Corg and Mo. Even the smaller variations in Corg and Mo, e.g. the maximum 366 
around 410 cmbsf (Fig. 3a), are clearly expressed, and the absolute magnitude of the 367 
enrichments in Ni, Tl and Cu is rather similar for all three of the hypoxic events. 368 
 369 
As for the Fårö Deep, significant enrichment in Zn in the Northern Gotland 370 
Basin is confined to the ModernHI, while for Pb there is also a small enrichment 371 
visible towards the end of the MCAHI. For Sb, As, Cd, Ni Tl, and Cu, there are, 372 
besides the strong ModernHI-related enrichment, clear enrichments visible during both 373 
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the MCAHI and HTMHI (Fig. 3b). The magnitude of the enrichments in Ni, Tl and Cu 374 
is again similar for the three different hypoxic intervals, while for Sb, As and Cd, the 375 
enrichment during the ModernHI is much larger than the enrichments during the 376 
MCAHI and HTMHI (Fig. 3b). 377 
 378 
3.2 High-resolution molybdenum and uranium records 379 
Trends in the high-resolution Mo and U LA-ICP-MS data for each of the 380 
hypoxic intervals in the Fårö Deep (Fig. 4) are in good agreement with the results for 381 
the discrete samples (Fig. 2a). However, the LA-ICP-MS data reveal significantly 382 
more internal variability within these intervals, and rapid changes in enrichment as 383 
previously demonstrated by Jilbert and Slomp (2013a) for shorter sections of the 384 
Holocene record. Moreover, the LA-ICP-MS data clearly show that U enrichment 385 
increases gradually at the onset of centennial-scale ‘hypoxic events’ within the 386 
hypoxic intervals (zoom sections labeled ‘onset’ in Fig. 4). In contrast, Mo 387 
enrichments increase rapidly beyond a certain point in the development of each event.  388 
 389 
The contrast between relative Mo and U enrichments in each hypoxic interval 390 
is further illustrated by the LA-ICP-MS data. Although both elements are clearly 391 
enriched in all intervals, the Mo/U ratio differs markedly between HTMHI, MCAHI 392 
and ModernHI. In hypoxic events within HTMHI, Mo/U oscillates around 10, while in 393 
MCAHI the average value is close to 5, and for ModernHI the average value is close to 394 
3.5 (Fig. 4).  395 
 396 
4. Discussion 397 
 398 
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4.1 Molybdenum and uranium as proxies of bottom water redox conditions  399 
The extremely high concentrations of Mo during the three hypoxic intervals 400 
can only be explained by persistent euxinic conditions at these times (e.g. Scott and 401 
Lyons, 2012), as concluded by previous studies of Baltic Sea sediments (Jilbert and 402 
Slomp, 2013a; Dijkstra et al., 2016). The similar maximum values of Corg and Mo for 403 
the three hypoxic intervals have previously been interpreted to indicate that the 404 
intensity of hypoxia during each interval was similar (Jilbert and Slomp, 2013a). 405 
However, the increase in U concentrations from the HTMHI to the ModernHI observed 406 
in our new data causes us to reassess this conclusion. Taken alone, the U records 407 
suggest that the intensity of the hypoxic intervals has in fact increased towards the 408 
present day. This would imply that increased anthropogenic nutrient inputs to the 409 
Baltic during the 20
th
 century (e.g. Gustafsson et al., 2012; Carstensen et al., 2014) 410 
have led to a perturbation of trace metal cycling that exceeds the natural variability 411 
observed in earlier hypoxic intervals. 412 
 413 
The average background Mo concentration of 25 ppm in the Fårö Deep 414 
suggests that even outside the hypoxic intervals, bottom waters in this location may 415 
have been intermittently euxinic (Scott and Lyons, 2012). The lower average 416 
background Mo concentration in the Northern Gotland Basin (6 ppm), although 417 
substantially above the crustal average (~1-2 ppm; McLennan, 2001), is significantly 418 
below that of the Fårö Deep, suggesting that sulfide remained restricted to pore waters 419 
(Scott and Lyons, 2012). This difference can be attributed to the greater water depth 420 
of the Fårö Deep (191 m versus 169 m), making it naturally more susceptible to 421 
deoxygenation. The relatively early onset of U enrichment compared to Mo during 422 
short-timescale hypoxic events within the HTMHI, MCAHI and ModernHI in the Fårö 423 
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Deep (Fig. 4) is likely related to the fact that sedimentary U enrichment via the 424 
reduced phase UO2 commences in the zone of Fe oxide reduction (Zheng et al., 2002). 425 
Whereas Mo enrichment via thiomolybdates requires the presence of free sulfide 426 
(Helz et al., 1996). During the onset of a hypoxic event, progressive stagnation of 427 
deep water masses may have resulted in a staggered timing of U and Mo enrichment. 428 
However, once a hypoxic event is initiated, the two elements show strongly correlated 429 
patterns of enrichment on short timescales (see coincident peaks in Fig. 4). We note 430 
that this interpretation implies that sedimentary U and Mo contents are determined by 431 
processes that occur very close to the sediment-water interface.  432 
 433 
4.2 Drawdown of water column molybdenum 434 
The regression slope between sedimentary Mo and Corg content has been 435 
shown to differ between modern (intermittently) hypoxic marine basins as a function 436 
of the degree of restriction of the sub-chemocline water mass (Algeo and Lyons, 437 
2006). The Mo/Corg ratio has been successfully applied as a proxy to determine extent 438 
of water mass restriction in marine basins during for example the Mesozoic Oceanic 439 
Anoxic Events (e.g. McArthur et al., 2008; van Helmond et al., 2014), and also to 440 
study past hypoxia in the Baltic Sea (Jilbert and Slomp, 2013a). The latter study 441 
showed that the Mo/Corg data for both the Northern Gotland Basin and the Fårö Deep 442 
during the MCAHI and HTMHI plot close to the regression slope for (semi)modern 443 
sediments from Saanich Inlet, considered to be the least restricted of the four modern 444 
euxinic basins studied by Algeo and Lyons (2006) with a deep water renewal period 445 
of ~1.5 years. Therefore Jilbert and Slomp (2013a) concluded that the basin reservoir 446 
effect in the Baltic Sea was negligible. Our new datasets show (Fig. 5a, b), that the 447 
Mo/Corg data for the ModernHI plot considerably below the Mo/Corg data for the 448 
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MCAHI and HTMHI. The regression line would have been even more flat if the 449 
“fluffy-layer” had been included as well because of the relatively high Corg content in 450 
this top layer (open symbols in Fig. 5a, b). The flatter regression line for Mo/Corg 451 
during the ModernHI implies partial drawdown of the water column Mo inventory, and 452 
thus the potential impact of a basin reservoir effect on sedimentary Mo data. A basin 453 
reservoir effect may have important implications, for example, for the interpretation 454 
of δ98Mo records from the Baltic Sea (e.g. Hardisty et al., 2016). Based on these 455 
findings we conclude that U is a more reliable indicator of bottom water hypoxia 456 
intensity than Mo in the Baltic Sea and potentially also in other euxinic basins 457 
affected by a reservoir effect. 458 
 459 
Both the Northern Gotland Basin and Fårö Deep are located in the central part 460 
of the Baltic Proper, in the pathway followed by episodically occurring Major Baltic 461 
Inflows (MBIs; Mätthaus and Franck, 1992; Lass and Matthäus, 1996). These MBIs 462 
introduce large quantities of relatively high-saline and well-oxygenated North Sea 463 
waters into the Baltic Sea following meteorological events (e.g. Schinke and 464 
Matthäus, 1998). The relatively high density of the waters introduced during MBIs 465 
leads to bottom water ventilation (e.g. Mohrholz et al., 2015). Besides oxygen, the 466 
North Sea waters contain trace metals, thereby potentially replenishing the water 467 
column Mo inventory. However, not all MBIs penetrate into the more remote sub-468 
basins of the Baltic Sea, such as the Landsort Deep (Morholz et al., 2015). Hence, the 469 
sub-basins further downstream along the path of the MBIs may be expected to show 470 
longer residence times and thus comparatively severe drawdown of water column Mo 471 
during hypoxic intervals. To test this hypothesis, we compiled Mo/Corg data for the 472 
three hypoxic intervals in the Landsort Deep (ModernHI - Lenz et al., 2015b, site LD1; 473 
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MCAHI and HTMHI - Dijkstra et al., 2016, IODP exp. 347 site M0063; Fig. 1). The 474 
cross-plot of Mo and Corg data for the Landsort Deep shows relatively flat regression 475 
slopes for all three the hypoxic events (Fig. 5c). In contrast with the data for the 476 
Northern Gotland Basin and the Fårö Deep and a previous study for the Landsort 477 
Deep by Hardisty et al. (2016), this suggests that there was water column Mo 478 
depletion in the Landsort Deep during all three hypoxic intervals. Our explanation is 479 
supported by the relatively low concentrations of aqueous Mo throughout the water 480 
column in both the Gotland Deep and the Landsort Deep (Nägler et al., 2011; 481 
Noordmann et al., 2015; Bauer et al., 2017).  482 
 483 
The ModernHI developed more rapidly than any past event of hypoxia in the 484 
Baltic Sea during the Holocene (Jilbert and Slomp, 2013a). This more rapid 485 
development of hypoxia may have contributed to drawdown of water column Mo. 486 
Furthermore, the water exchange between the Baltic Sea  and the North Sea has 487 
decreased over the last 8 kyr (e.g. Gustafsson and Westman, 2002), leading to the 488 
relatively long modern residence time for water in the Baltic Sea (~30 years; e.g. 489 
Döös et al., 2004), thereby increasing the chance for water column Mo drawdown to 490 
occur. Finally, the present-day hypoxic and euxinic area is large (e.g. Carstensen et 491 
al., 2014), and hypoxia is not only confined to the deeper parts of the basin but is also 492 
widely present in shelf and coastal areas (Conley et al., 2011; Lenz et al., 2015a). 493 
These hypoxic shelf and coastal areas, e.g. in the Belt Seas, the Finnish Archipelago 494 
Sea, the Gulf of Finland and the Stockholm Archipelago, cover thousands of square 495 
kilometers, substantially increasing, the area in the Baltic Sea where Mo is potentially 496 
sequestered, when compared to the deeper parts of the basin alone. The amount of Mo 497 
sequestered in these shelf and coastal areas is limited, however (Jokinen et al., 2018), 498 
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since they are generally only seasonally hypoxic and only sporadically euxinic (e.g. 499 
Conley et al., 2011). However, during the HTMHI large parts of the, present-day well-500 
ventilated, Bothnian Sea were still hypoxic (e.g. Zillén et al., 2008) and potentially 501 
even euxinic (Jilbert et al., 2015), suggesting that the hypoxic and euxinic area may 502 
have been equally large or even larger during the HTMHI. We therefore suggest that 503 
the rapid development of the ModernHI, in combination with decreasing water 504 
exchange between the open ocean and the Baltic Sea, has led to the observed lower 505 
sedimentary Mo sequestration and implied drawdown of the water column Mo 506 
inventory.  507 
 508 
Cross-plots of the enrichment factors of Mo and U from the discrete sample analyses 509 
show (Fig. 6) that the depositional system in the Baltic Sea is characterized by an 510 
active oxide particulate shuttle, comparable with for instance the Cariaco Basin 511 
(Algeo and Tribovillard, 2009). The active oxide particulate shuttle in the Baltic Sea 512 
leads to generally elevated Mo/U values relative to unrestricted marine anoxic settings 513 
(Fig. 6), because in contrast with U, Mo is actively scavenged by particle Mn- (and 514 
sometimes Fe) oxides, which may carry Mo to the sediment-water interface, thereby 515 
enhancing its sequestration potential (e.g. Turekian, 1977; Adelson et al., 2001; Sulu-516 
Gambari et al., 2017). However, samples from the ModernHI plot towards the upper 517 
boundary of, or outside, the particulate shuttle zone identified by Algeo and 518 
Tribovillard (2009), indicating a shift towards lower Mo/U as also seen in the LA-519 
ICP-MS data (Fig. 4), and as observed in other anoxic basins (Algeo and Tribovillard, 520 
2009). We suggest that at our study sites in the Baltic Sea, this evolution is a direct 521 
result of the decline in the rate of Fe and Mn particulate shuttling in recent decades 522 
due to hypoxia, as demonstrated by Lenz et al. (2015a). Lower Fe and Mn particle 523 
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shuttling will have reduced the supply of Mo to our study sites (e.g. Turekian, 1977; 524 
Adelson et al., 2001; Sulu-Gambari et al., 2017), contributing to the observed trends 525 
in sedimentary Mo (Figs. 2, 4, 5). 526 
 527 
4.3 Rhenium and vanadium as proxies of bottom water redox conditions 528 
Authigenic Re sequestration occurs under suboxic, relatively mildly reducing 529 
conditions (Crusius et al., 1996; Morford et al., 2005). Our results confirm that Re is a 530 
sensitive recorder of mildly reducing conditions, particularly because of its large 531 
enrichment factor relative to crustal average values (Koide et al., 1986). The 532 
sedimentary Re profiles of the Fårö Deep and Northern Gotland Basin show large 533 
differences, which we attribute to the different background redox conditions for the 534 
two studied sites. The relatively reducing background conditions in the Fårö Deep 535 
caused a (nearly) continuously sequestration of Re throughout the studied interval (i.e. 536 
during the last ~7 kyr; Jilbert and Slomp, 2013a), while in the Northern Gotland Basin 537 
conditions for enhanced Re sequestration were only reached during the three hypoxic 538 
intervals. The lack of further enrichment during the more intensely reducing 539 
conditions of the HTMHI, MCAHI and ModernHI, suggests that sedimentary Re 540 
concentrations are not useful as a quantitative proxy for the intensity of hypoxia in the 541 
central Baltic Sea. The contemporaneous presence of sulfide and Re in pore waters 542 
implies that sedimentary Re sequestration is not enhanced by the presence of sulfide 543 
(e.g. Colodner et al., 1993; Olson et al., 2017). Therefore, enrichment of Re does not 544 
accelerate as the intensity of reducing conditions increases within the hypoxic 545 
interval. 546 
 547 
 548 
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Vanadium is one of the most widely used trace metals to reconstruct 549 
paleoredox conditions and generally shows strong sedimentary enrichments under 550 
reducing conditions, with relative enrichments  similar to those found for Mo and U 551 
(e.g. Algeo and Maynard, 2004; Tribovillard et al., 2006). The sedimentary V records 552 
presented in this study are, however, very different from the records for Mo and U. 553 
Particularly the absence of (strong) enrichments during the ModernHI is striking (Fig. 554 
2). 555 
 556 
The absence of (strong) enrichments in V might theoretically be related to 557 
complexation of V with dissolved organic matter under reducing conditions 558 
(Brumsack and Gieskes, 1983; Beck et al., 2008). The formation of dissolved metal-559 
organic complexes leads to retention of V in pore waters and the consequent absence 560 
of sedimentary V enrichments (e.g. O’Connor et al., 2015; Olson et al., 2017). The 561 
problem with this explanation for the records presented here is that Corg concentrations 562 
for the three hypoxic intervals are very similar, so large differences in dissolved 563 
organic matter concentrations between the hypoxic intervals are not expected. The 564 
effect of complexation of V with dissolved organic matter should therefore have been 565 
similar for the three hypoxic intervals. The type of organic matter and the degree to 566 
which it has decayed may, however, also be of importance. Particularly the degree of 567 
decay of organic matter is probably very different for the ModernHI and MCAHI 568 
compared to the HTMHI. 569 
 570 
An alternative explanation for the unexpected V profiles might be found in 571 
variations in the strength of the particulate shuttle. Water column vanadate adsorbs 572 
onto Mn- and Fe(oxyhydr)oxides (e.g. Wehrli and Stumm, 1989; Morford et al., 573 
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2005), which can then carry V to deeper areas, thereby increasing the potential for 574 
sedimentary V sequestration. The more muted Fe shuttle during the ModernHI (Lenz et 575 
al., 2015a), could therefore be a reason for the absence of sedimentary V enrichments 576 
during the ModernHI. Again however, this interpretation cannot fully explain the V 577 
profiles, since the rate of shuttling was significantly higher during the MCAHI - as 578 
indicated by strong enrichments of Fe and S at this time (Fig. 2) - but V enrichments 579 
were similarly low to those in the ModernHI.  580 
 581 
 Two studies of water column V concentrations in the modern Baltic Sea 582 
demonstrated a significant depletion (> 60%) of this element relative to conservative 583 
mixing of freshwater and seawater (Prange and Kremling, 1985; Bauer et al., 2017). 584 
Prange and Kremling (1985) also showed V depletion to be significantly greater than 585 
Mo or U depletion (which were effectively conservative with respect to seawater 586 
mixing at the studied locations), and attributed this effect to the particle reactivity of 587 
seawater vanadate during mixing in the turbid waters of the Baltic Sea. In addition, 588 
the V that enters the Baltic Sea via riverine pathways is already (partly) removed upon 589 
estuarine mixing (Prange and Kremling, 1985). These observations imply that V in 590 
the Baltic Sea is subject to an even greater reservoir effect than Mo, and hence that the 591 
sedimentary record of V enrichment may be strongly impacted by basin-wide 592 
drawdown of water column V. As described above for Mo (Section 4.2), the reservoir 593 
effect is more likely to be activated during the recent hypoxic intervals (MCAHI and 594 
ModernHI) than during the HTMHI, due to the lower replenishment rate of seawater 595 
vanadate in the late Holocene bathymetric configuration of the Baltic. This would 596 
explain why the MCAHI and ModernHI) show strongly muted V enrichments relative 597 
to the HTMHI (Fig. 2).  598 
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 599 
4.4 The potential of trace metal concentrations as a proxy for primary productivity in 600 
the Baltic Sea 601 
Sedimentary Ba concentrations are widely used as a proxy for productivity (e.g. 602 
Bishop, 1988; Dymond et al., 1992; Schoepfer et al., 2015). The Ba profiles in this 603 
study are, however, unrelated to Corg (Fig. 2; with the exception of the maximum 604 
during the HTMHI), suggesting that Ba profiles in the Baltic Sea are generally not a 605 
reliable proxy for productivity. It is well-known that sedimentary Ba records may be 606 
strongly overprinted by remobilization and diagenetic precipitation of barite (BaSO4). 607 
Particularly in environments with a shallow sulfate-methane transition zone (SMTZ) 608 
below which sulfate concentrations drop below saturation with respect to barite, 609 
remobilization and diagenetic precipitation of barite occurs (Henkel et al, 2012). This 610 
mechanism can also impact the Ba profiles observed in the Fårö Deep and Northern 611 
Gotland Basin (Fig. 2). The relatively low salinity of the Baltic Sea, in combination 612 
with high rates of methane production in the organic-rich sediments, has led to the 613 
formation of a shallow SMTZ (~20 cmbsf; e.g. Jilbert and Slomp, 2013b). This 614 
configuration favors the remobilization of Ba after accumulation as biogenic barite, 615 
partially erasing the original enrichment and smoothing the sedimentary Ba profile. 616 
Additionally, barite reprecipitation fronts are often observed close to the SMTZ 617 
(Dickens, 2001), fed by an upwards flux of dissolved Ba in the porewaters.  618 
 619 
The barium profiles at F80 and LL19 show strong enrichments close to the 620 
termination of the HTMHI, but relatively muted enrichments during the rest of the 621 
record (Fig. 2). The maximum Ba values close to the termination of the HTMHI 622 
correlate with maxima in Corg, Mo and U and therefore ostensibly suggest a strong 623 
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productivity maximum at this time. However, the anomalously high concentrations 624 
lead us to propose that Ba in this interval was also supplemented by the formation of a 625 
barite reprecipitation front. Although the SMTZ at the onset of the HTMHI was likely 626 
deeper than today due to the higher salinity of the Baltic at this time (Gustafsson and 627 
Westman, 2002; Egger et al., 2017), its position must have migrated upwards during 628 
the HTMHI itself in response to the loading of organic matter. Indeed, the strong Mo 629 
enrichments of the HTMHI indicate significant levels of free sulfide in pore waters at 630 
this time, consistent with a relatively shallow SMTZ. Hence, a barite reprecipitation 631 
front likely established at the SMTZ during the HTMHI as per the model of Dickens 632 
(2001). The HTMHI persisted for >3000 yrs (Jilbert and Slomp, 2013a), during which 633 
an organic-rich sediment layer of at least 80-100 cm accumulated (Fig. 2). Assuming 634 
barite in this layer to be continually remobilized and reprecipitated close to the 635 
SMTZ, it follows that the inventory of reprecipitated Ba for the HTMHI should be 636 
significantly greater than that for the later hypoxic intervals of much shorter duration 637 
(MCAHI and ModernHI). Hence, no equivalent peak is observed at the termination of 638 
the MCAHI or in the modern SMTZ. We note that loss of Ba to the water column after 639 
barite dissolution in the SMTZ is unlikely during any of the hypoxic intervals, due to 640 
the persistent presence of pore water sulfate close to the sediment-water interface 641 
(Jilbert and Slomp, 2013b).  642 
 643 
As outlined in Section 4.1, Mo and U enrichments are strongly related to 644 
bottom water redox conditions. However, both elements also correlate well with Corg, 645 
due to the close relationship between productivity and oxygen depletion in the Baltic 646 
Sea, and thus serve as indirect proxies for past productivity. Various other trace 647 
elements show similarly strong correlations with Corg, which may be more closely 648 
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related to direct input to sediments in association with organic material. These include 649 
Ni, Tl and particularly Cu (Fig. 3). Both Ni and Cu behave as micronutrients in oxic 650 
marine environments and are scavenged in the water column and enriched in 651 
sediments through complexation with organic matter (e.g. Calvert and Pedersen, 652 
1993; Piper and Perkins, 2004), while Cu is also actively scavenged by Mn- and Fe-653 
oxides (Fernex et al., 1992). Enrichments in sedimentary Ni and Cu have been 654 
previously suggested as indicators of higher primary productivity (e.g., Piper and 655 
Perkins, 2004; Tribovillard et al., 2006). Our Cu and Ni records suggest that this 656 
interpretation is valid for the Baltic Sea. Moreover, Tl shows a strong similarity with 657 
Cu and Ni, suggesting that these three elements may be the most suitable trace metals 658 
to be applied as proxies for the Corg flux to the sediments in the Baltic Sea. The 659 
similarity of enrichments of As and Sb to those of Fe and S, on the other hand (Fig. 3) 660 
show that these elements may be more strongly influenced by the rate of shelf-to-661 
basin Fe shuttling.  662 
 663 
4.5 Trace metals as an indicator of anthropogenic pollution  664 
Besides the enhanced input of nutrients responsible for the modern 665 
eutrophication of the Baltic Sea (Gustafsson et al., 2012; Carstensen et al., 2014a), 666 
anthropogenic activity has also led to enhanced input of trace metals (e.g. Kremling 667 
and Streu, 2000). These anthropogenically derived trace metals have entered the 668 
surface waters of the Baltic Sea via riverine and atmospheric pathways in dissolved 669 
and particulate forms (Schneider et al., 2000), resulting in widespread trace metal 670 
enrichments in surface sediments of the Baltic Sea (e.g. Borg and Jonsson, 1996; 671 
Szefer et al., 1996). Enrichments of Zn, Pb, Sb, As, Cd, Ni, Tl and Cu in our data are 672 
significantly higher during the ModernHI than during the MCAHI and HTMHI, 673 
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confirming the strong anthropogenic signal in the recent sediments. Although 674 
industrialization in the Baltic Sea region was intense from the Second World War 675 
onwards, most trace metal enrichments at F80 and LL19 show a rapid onset at the 676 
start of the ModernHI, which has been tied to the year 1979 (Lenz et al., 2015b). We 677 
attribute this delayed response to a combination of factors. Firstly, because most of 678 
these metals are sequestered as authigenic sulfides (e.g. Tribovillard et al., 2006), the 679 
hypoxic conditions of the ModernHI, were required before significant accumulation at 680 
F80 and LL19 could occur. Secondly, it is likely that these metals initially 681 
accumulated in association with Fe oxides in shelf areas, before being transported into 682 
the deep basins when Fe shuttling accelerated at the start of the ModernHI (Lenz et al., 683 
2015a). Sedimentary trace metal concentrations remain elevated after the onset of the 684 
ModernHI, but the enrichments are generally less extreme. We attribute this to 685 
decreasing anthropogenic input (Kremling and Streu, 2000), as well as a decline in the 686 
rate of Fe shuttling since the early part of the ModernHI (Lenz et al., 2015a). The 687 
strong effect of recent anthropogenic pollution on the records makes most of these 688 
metals unsuitable as quantitative indicators for the intensity of modern hypoxia. A 689 
strong anthropogenic overprint does make an element such as Zn, for example, useful 690 
as a tool  to date recent sediments. Pollution-derived Pb was already used for this 691 
purpose (Zillén et al., 2012; van Helmond et al., 2017). 692 
 693 
5. Conclusions 694 
The trace metal records from the Baltic Sea presented in this study show that 695 
Mo and U are strongly correlated with each other and Corg. High concentrations of 696 
both trace metals are indicative of frequently euxinic bottom waters during all three 697 
hypoxic intervals. High-resolution LA-ICP-MS Mo/U data show that U sequestration 698 
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generally leads Mo enrichment, which we attribute to the known redox-dependence of 699 
authigenic U and Mo sequestration. Crossplots of Mo/Corg suggest depletion of 700 
aqueous Mo concentrations during the ModernHI. We attribute this to the 701 
unprecedented rapid development of widespread hypoxia during the ModernHI 702 
combined with reduced water exchange with the adjacent North Sea. The muted Mn 703 
and Fe oxide particulate shuttle during the last two decades may also contribute to the 704 
observed trends in sedimentary Mo by decreasing the supply of Mo to the deep basins 705 
of the Baltic Sea. Uranium does not seem to be affected by reservoir and/or shuttling 706 
effects. Its maximum concentrations during the ModernHI suggest that reducing 707 
conditions in the Baltic Sea are currently more intense than during the proceeding 708 
hypoxic intervals. Rhenium and V profiles are very different from Mo and U, 709 
indicating that their applicability as a quantitative proxy for redox conditions is 710 
limited. Our sedimentary records show that Re enrichment commences under 711 
relatively mildly reducing conditions, but that Re is not further enriched under more 712 
reducing conditions. Vanadium may experience a significant reservoir effect due to 713 
particle reactivity of seawater vanadate in the turbid Baltic Sea, strongly impacting on 714 
V sediment records. Besides Mo and U, Ni, Tl and particularly Cu show strong 715 
correlation with Corg, suggesting that these are the most reliable trace metals to 716 
reconstruct the Corg flux into the sediments. Barium, in contrast, is largely decoupled 717 
from Corg. We attribute this decoupling to diagenetic remobilization and precipitation 718 
of Ba resulting from a shallow sulfate methane transition zone in the Baltic Sea. 719 
Anthropogenic pollution has led to strong enrichments in Pb, Zn, As, Sb, Cd, Ni, Tl 720 
and Cu during the ModernHI, far exceeding concentrations observed for the previous 721 
hypoxic intervals. The profiles for Pb and Zn are dominated by such anthropogenic 722 
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sources, making these metals useless as quantitative indicators for (paleo)redox and 723 
productivity conditions, while facilitating their use as independent age constraints.   724 
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 1083 
Table 1. Average (avg.) and maximum (max.) values for Corg,  Mo, U, Re, V, Ba, Zn, 1084 
Pb, Sb, As, Cd, Ni, Tl, Cu, Fe, S for the three hypoxic intervals and background at site 1085 
F80. 1086 
 1087 
*ModernHI including the not yet compacted and degraded surface sediments rich in 1088 
fresh organic matter the so-called “fluffy” layer between brackets. 1089 
 1090 
Table 2. Average (avg.) and maximum (max.) values for Corg,  Mo, U, Re, V, Ba, Zn, 1091 
Pb, Sb, As, Cd, Ni, Tl, Cu, Fe, S for the three hypoxic intervals and background at site 1092 
LL19. 1093 
 1094 
*ModernHI including the not yet compacted and degraded surface sediments rich in 1095 
fresh organic matter the so-called “fluffy” layer between brackets. 1096 
 1097 
 1098 
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Figure captions 1108 
 1109 
Figure 1. Bathymetric map of the Baltic Sea generated at www.helcom.fi (a). 1110 
Detailed bathymetric map of the central part of the Baltic Sea, with our study sites 1111 
F80 and LL19 and the sites brought forward in the discussion, LD1 & M0063 (Lenz 1112 
et al., 2015b; Dijkstra et al., 2016; Hardisty et al., 2016), marked by a red star (b). 1113 
Map modified from Jilbert and Slomp (2013a). 1114 
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 1115 
Figure 2. Profiles of Corg, Mo, Mo/Al, U, U/Al, Re, Re/Al, V, V/Al, Ba and Ba/Al, 1116 
for F80 (a.) and LL19 (b.) plotted against depth. Grey bars indicate the three hypoxic 1117 
intervals in the Baltic Sea: the modern hypoxic interval (ModernHI), the hypoxic 1118 
interval during the Medieval Climate Anomaly (MCAHI) and the hypoxic interval 1119 
during the Holocene Thermal Maximum (HTMHI). The data for the multicores 1120 
collected in 2009 (MC’09) are represented by blue symbols, while the data for the 1121 
GEMAX core collected in 2013 (MC’13) are represented by red symbols. The data 1122 
for gravity cores collected in 2009 (GC’09) are represented by black symbols. 1123 
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 1124 
Figure 3. Profiles of Zn, Zn/Al, Pb, Pb/Al, Sb, Sb/Al, As, As/Al, Cd, Cd/Al, Ni, 1125 
Ni/Al, Tl, Tl/Al, Cu, Cu/Al, S, S/Al, Fe and Fe/Al for F80 (a.) and LL19 (b.) plotted 1126 
against depth. Grey bars indicate the three hypoxic intervals in the Baltic Sea: the 1127 
modern hypoxic interval (ModernHI), the hypoxic interval during the Medieval 1128 
Climate Anomaly (MCAHI) and the hypoxic interval during the Holocene Thermal 1129 
Maximum (HTMHI). The data for multicores collected in 2009 (MC’09) are 1130 
represented by blue symbols, while those for the GEMAX core collected in 2013 1131 
(MC’13) are represented by red symbols. The data for gravity cores collected in 2009 1132 
(GC’09) are represented by black symbols. 1133 
 1134 
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 1135 
Figure 4. High-resolution, Laser Ablation–Inductively Coupled Plasma–Mass 1136 
Spectrometry (LA-ICP-MS) Mo/Al, U/Al and Mo/U profiles for the three hypoxic 1137 
intervals in the Baltic Sea for F80: the modern hypoxic interval (ModernHI), the 1138 
hypoxic interval during the Medieval Climate Anomaly (MCAHI) and the hypoxic 1139 
interval during the Holocene Thermal Maximum (HTMHI).  1140 
 1141 
 1142 
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 1143 
Figure 5. Cross-plots of sedimentary Mo versus Corg for F80 (a), LL19 (b) and the 1144 
Landsort Deep (IODP exp. 347 Site M0063; Dijksta et al., 2016 – MCAHI and HTMHI 1145 
and LD1; Lenz et al., 2015b - ModernHI) for the three hypoxic intervals in the Baltic 1146 
Sea: the modern hypoxic interval (ModernHI; red), the hypoxic interval during the 1147 
Medieval Climate Anomaly (MCAHI; blue) and the hypoxic interval during the 1148 
51 
 
Holocene Thermal Maximum (HTMHI; black). Solid lines represent regression slopes 1149 
for sedimentary Mo versus Corg. For the calculation of the regression slopes samples 1150 
from the surface “fluffy layer” were excluded. The dashed lines show the regression 1151 
slopes for sedimentary Mo versus Corg for the weakly restricted Saanich Inlet and the 1152 
severely restricted Black Sea (Algeo and Lyons, 2006). 1153 
 1154 
 1155 
Figure 6. Cross-plots of the enrichment factors (EF), following Algeo and 1156 
Tribovillard (2009) and Tribovillard et al. (2012), of Mo and U for F80 (a) and LL19 1157 
(b) plotted on a logarithmic scale. The shaded areas represent the types of 1158 
environment  in which sediments with such composition are deposited, i.e. a system 1159 
characterized by an active particulate shuttle like the Cariaco Basin or an unrestricted 1160 
52 
 
marine system such as the eastern tropical Pacific (Algeo and Tribovillard, 2009; 1161 
Tribovillard et al., 2012). The diagonal lines represent multiples of the Mo:U ratio in 1162 
present-day seawater. Molar ratios of ~7.5 for the Pacific and ~7.9 for the Atlantic 1163 
have been converted to an average weight ratio of 3.1 for the purpose of comparison 1164 
with sediment Mo:U weight ratios (cf. Tribovillard et al., 2012).  1165 
